A 1.5 kb-long portion of mitochondrial DNA containing the AT-rich control region and its flanking regions was amplified by polymerase chain reaction (PCR) from 217 specimens of Bactrocera dorsalis (Hendel) collected in the Ryukyu Islands of Japan, Thailand, Vietnam, Taiwan, and Hawaii, and obtained from laboratory strains established from populations in regions where the species was formerly distributed. Analysis of restriction fragment length polymorphisms of PCR products (PCR-RFLP) using restriction enzymes DraI and SspI identified 29 different haplotypes. Of these, 27 haplotypes were detected in populations collected in Asian countries in recent years. These populations, including a population collected in the Ryukyu Islands, were similar in terms of haplotypic composition. On the other hand, the Hawaii population and laboratory strains were highly homogeneous, and contained only two and one haplotypes, respectively. Although one haplotype was common among these populations, they did not share any common haplotypes with recently collected Asian populations. Based on the results, we discussed the factors affecting genetic differences among local populations and the utility of the mitochondrial DNA fragment as a genetic marker to define the origin of insects occasionally trapped in the Ryukyu Islands.
INTRODUCTION
The Oriental fruit fly Bactrocera dorsalis (Hendel), a member of the B. dorsalis complex (Drew and Hancock, 1994) , is one of the most serious insect pests of cultivated fruits in tropical and subtropical Asia and the Pacific region. It is well known that this species has significantly expanded its geographic distribution in the last century (Clarke et al., 2005) , and it has invaded islands in the Pacific (e.g., Hawaii, Guam, Northern Mariana, Nauru, and French Polynesia) and even a part of North America (White and Elson-Harris, 1992; White and Hancock, 1997) . In Japan, its presence was first recorded on several of the Ryukyu Islands in 1919 (Nawa, 1919) , and it then spread throughout the Ryukyu Islands and Ogasawara Islands (Yoshizawa, 1997) ; however, after an 18-year program of eradication, all Japanese territories were declared free of this species in 1986 (Yoshizawa, 1997) .
In order to prevent the establishment of fruit flies of the B. dorsalis complex, the entry of host plants is strictly controlled by plant quarantine regulations. Monitoring systems such as trapping and host plant survey are also in place to detect the invasion of fruit flies. Although the former systems generally trapped only a few insects that were thought to have migrated from infested areas, they tended to capture a slightly larger number of insects in Okinawa Prefecture, the southern part of the Ryukyu Islands (Ueno, 1998; Kobashigawa, 2000) . Therefore, intensive studies are needed to define the source and pathway of their invasion into this area.
To perform such studies, it is important to com-pare biological traits, such as genetically determined polymorphic markers, between original populations and migrants, and to accumulate information on the genetic variation of local populations as a first step. In this study, we tried to examine the genetic composition of B. dorsalis local populations using polymorphic DNA markers. Among the various DNA markers used for tephritid fruit flies, e.g., the mitochondrial cytochrome oxidase gene (Shi et al., 2005) , the mitochondrial AT-rich control region (Nakahara et al., 2000 , nuclear microsatellite DNAs (Kinnear et al., 1997; Dai et al., 2004; Aketarawong et al., 2006) , the ribosomal DNA spacer (Douglas and Haymer, 2001) , and the glucose-6-phosphate dehydrogenase gene (He and Haymer, 1999) , we employed the AT-rich control region of mitochondrial DNA (mtDNA), because this region is highly variable (Lewis et al., 1994) and is easy to amplify by polymerase chain reaction (PCR). We first amplified a 1.5 kb-long portion of mtDNA containing this region and its flanking regions from 217 individuals collected in the Ryukyu Islands, Thailand, Vietnam, Taiwan, and Hawaii, and laboratory strains established from populations where B. dorsalis was formerly distributed, and examined the restriction fragment length polymorphism (RFLP) pattern of each insect using several restriction enzymes. Nucleotide sequencing was also performed using 12 individuals to verify the RFLP patterns. Based on the results, we compared the genetic composition among geographic populations. Although further analyses are required using many more populations, this study provided useful knowledge on the genetic difference between Asian and Hawaii populations and on future studies defining the origin of invading insects.
MATERIALS AND METHODS
Specimens. The materials used in this study are listed in Table 1 . All specimens, except laboratory strains, were collected using traps set with the male attractant methyl eugenol and stored in 99.5% ethanol until DNA extraction. The specimens of the population OK were collected at monitoring sites on Kume-jima, Ishigaki-jima, and Okinawa Islands of the Ryukyu Islands during the period 1998-2000. Because only a few insects were collected at each monitoring site, we treated them as a single population. The laboratory strains were established using populations collected on Ishigakijima Island in 1981 (IS), Amami-oshima Island in 1979 (AM), and Chichi-jima Island in 1984 (CC). They were reared at the Yokohama Plant Protection Station (AM and CC) and Naha Plant Protection Station (IS) under permission of the Ministry of Agriculture, Forestry and Fisheries of Japan. The original populations of B. dorsalis on these islands were eradicated before 1986. All specimens used in this study were identified as B. dorsalis based on 458 S. NAKAHARA et al. the morphological diagnostic characteristics described by Drew and Hancock (1994) and White and Hancock (1997) . Some specimens collected in Hawaii, the Okinawa Prefecture of Japan, and other Asian countries were preserved at Yokohama Plant Protection Station. Experimental procedure. Template DNA for PCR was extracted from individual insects using a GenomicPrep Cell & Tissue DNA Isolation Kit (Amersham Biosciences, Buckinghamshire, UK) and dissolved in 200 ml sterilized distilled water. Two primers, MT1253 (5Ј TAG GGT ATC TAA TCC TAG TT 3Ј) (Nakahara et al., 2000) and TM-N-193 (5Ј TGG GGT ATG AAC CCA GTA GC 3Ј) (Simon et al., 1994) , positioned at the 12S rRNA and tRNA
Met genes, respectively, were used to amplify mtDNA fragment containing the control region. For nucleotide sequencing, three additional primers, IPF1 (5Ј AGT TAG TAG TAT CTC CTG ATC AGC A 3Ј), IPF2 (5Ј TAA ACG ATA TAC CAA GTT AAG 3Ј), and IPR1 (5Ј TCC AAT ATA GAC ATT TCC GAG 3Ј), were also used and were designed based on the sequences obtained in this study.
PCR amplification was carried out in a total volume of 20 ml containing 1 ml of template DNA, 1.6 ml of dNTPs (2.5 mM each), 0.5 ml (10 mM) of each primer, 0.1 unit of Ex-Taq DNA polymerase (Takara-Bio, Otsu, Japan), and 2.0 ml of 10ϫPCR buffer. Temperature cycling was carried out in a Program Temp Control System PC801 (Astec, Tokyo, Japan). The samples were subjected to 30 cycles consisting of 90°C for 30 s, 52°C for 30 s, and 65°C for 90 s. For PCR-RFLP analysis, PCR products were digested with restriction enzymes DraI and SspI (Nippon Gene, Toyama, Japan) separately. These enzymes were selected from among 17 tested in preliminary experiments because they showed the highest variability in restriction fragment patterns (Nakahara et al., 2000) . Three microliters of each PCR product was treated with 2-10 units of enzymes in a total volume of 10 ml at 37°C for 1.5-2.0 hours, followed by electrophoresis on 2.0% (for PCR products treated with DraI) or 3.0% (for those treated with SspI) MetaPhor TM agarose gels (Cambrex Bio Science Rockland, Rockland, ME) using 1ϫTBE buffer at 5.5 V/cm for 2 hours, and was visualized by staining with ethidium bromide. A 100-bp (for PCR products treated with DraI) or 50-bp ladder (for those treated with SspI) (Gibco BRL, Rockville, MD) was used as a molecular size marker.
Using the PCR products obtained above, the nucleotide sequence was analyzed for each of 12 individuals from 7 populations. The experimental procedures used for purification, labeling, and sequencing of the products were as described in Muraji and Nakahara (2001) . Some of the nucleotide sequences obtained were submitted to DDBJ/ EMBL/GenBank nucleotide sequence databases (accession numbers: AB191470-AB191473).
Data analysis. The nucleotide sequences obtained were aligned and analyzed to estimate recognition sites of polymorphic restriction enzymes using the program Genetyx-Mac Ver.10.1 (Genetyx, Tokyo, Japan). The lengths of restriction fragments determined by agarose gel electrophoresis were compared to those estimated from nucleotide sequences, and then used to construct restriction maps of all banding patterns observed in this study.
A minimum spanning network relating individual haplotypes was generated using the program MINSPNET (Excoffier and Smouse, 1994 ) based on a matrix of restriction-site differences between all possible pairs of haplotypes. Restriction site data were also analyzed by PHYLIP 3.63 (Felsenstein, 2004) , using the Wagner parsimony method with 10,000 replications of bootstrapping. The geographic structure of the populations was analyzed by the Arlequin program (Schneider et al., 2000) using hierarchical nested analysis of molecular variance (AMOVA) with 10,000 random permutations (Excoffier et al., 1992) . This analysis was based on the matrix of pairwise distances and haplotypic composition of each population. This program was also used to test the hypothesis of a random distribution of individuals between a pair of populations by the method described in Raymond and Rousset (1995) .
RESULTS

Nucleotide sequence
In this study, the PCR primers, MT1253 and TM-N-193, successfully amplified a single DNA band from each individual. The length of the fragment varied from 1,528 bp to 1,535 bp among PCR products used in nucleotide sequencing. In these sequences, the nucleotide composition was highly biased to A and T (average percentages: for A, 44.92; T, 39.42; C, 9.33; G, 6.33) . Among the sequences of the 12 specimens from 7 populations, polymorphisms were seen in 103 nucleotide sites, 73 of which occurred in the control region (control region: 0.077 changes/nucleotide site; others: 0.051 changes/nucleotide site).
Haplotypic variations
In the PCR-RFLP analysis of 217 individuals, restriction fragments shorter than 50 bp were ignored because such fragments were not clearly resolved by the agarose gel electrophoresis used in this study. As a result, 9 and 10 banding patterns were observed in analyses using DraI and SspI, respectively (Fig. 1) . Figure 2 shows the restriction 460 S. NAKAHARA et al. Fig. 1 . Banding patterns of a PCR-amplified mtDNA fragment containing the control region and the flanking regions treated with restriction enzymes DraI and SspI. Lane M indicates the DNA molecular weight marker: 100-bp and 50-bp ladders were electrophoresed with PCR products treated with DraI and SspI, respectively. Lanes A-I (DraI-treated PCR products) and A-J (SspItreated products) represent different banding patterns detected using the respective enzymes. Fig. 2 . Restriction maps of a PCR-amplified mtDNA fragment containing the control region and the flanking regions. Restriction sites of DraI and SspI enzymes were estimated for the 9 (A-I in DraI-treated PCR products) and 10 (A-J in SspI-treated products) different haplotypes shown in Fig. 1 . Dotted lines indicate restriction sites that could not be confirmed in both nucleotide sequence and restriction fragment analyses. Small circles indicate the positions of restriction sites excluded from calculation of the restriction site difference. The calculation was performed assuming the existence of restriction sites denoted by an asterisk. maps of the mtDNA section constructed by comparing the restriction fragment length of each banding pattern with those estimated from nucleotide sequences. By combining the results obtained with these enzymes separately, 29 haplotypes were recognized. In this study, each haplotype was denoted by two letters indicating the banding patterns defined in Fig. 1 (from left to right: DraI and SspI).
Based on a comparison of the restriction sites of the respective haplotypes, a minimum spanning network describing evolutionary relationships among haplotypes was constructed (Fig. 3) . The results revealed that the relationships were highly complicated. Neither distinct grouping nor a long unidirectional stem-like structure was recognized in the network, and many of the relationships showed a loop-like structure; however, in this figure, two major haplotypes, A-A and B-A, were indicated. Sixteen of 27 other haplotypes appeared to radiate from one of these major haplotypes by changing only one restriction site. Most of the other haplotypes, except for I-J and H-H, differed by changes in 2 restriction sites from A-A or B-A. In phylogenetic analysis using PHYLIP 3.63, haplotype grouping was not supported by high bootstrap confidence levels (Ͻ45%).
Geographic variation
The haplotypic composition of each population is shown in Table 2 . In this table, considerable homogeneity can be seen in HW and the formerly established laboratory strains (IS, AM, and CC).
Only two (F-D and F-I) and one (F-I) haplotypes
were detected from these populations, respectively. Although one (F-I) haplotype was common among these populations, no common haplotype was detected between these and other populations. On the other hand, recently collected Asian populations consisted of various haplotypes. Of the 29 haplotypes observed in this study, 27 were detected from these populations. They shared two common haplotypes, A-A and B-A, which represented 55.0% (BK) to 73.9% (OK) of specimens in each population.
In the hierarchical nested analysis of molecular variance (AMOVA), we divided populations into two regional groups, Asian (CMϩBKϩHMϩTPϩ TCϩOK) and Hawaiian (HW), and total genetic variation was partitioned into three components: between regions (Asian vs Hawaiian), among populations within Asia, and within a population. The laboratory strains were not used in this analysis. The results indicated that 54% of haplotypic variation occurred between different regions (pϽ0.01). A rather high level of variation (46%) was also attributed to differences within a population (not significant, pϭ0.14); however, only a small level of variation (Ͻ0.1%) was attributed to differences among populations (not significant, pϭ0.85), indi- (1ϽnϽ13), and rare haplotypes (nϭ1), respectively. Pairs of haplotypes connected by thick and thin lines differed by one and two restriction sites, respectively. Haplotypes denoted by an asterisk were also related, as shown by the small network on the right-hand side.
cating no significant geographic structure among Asian populations. In the analysis of population differentiation using the Arlequin program, a significant difference was detected only between HW and recently collected Asian populations (pϽ0.01), and no such difference was detected between pairs of the latter populations (pϭ0.27-0.98).
DISCUSSION
In this study, we found that the sequence of the mitochondrial control region was highly variable among individuals; however, the degree of variability was largely different among populations. In contrast with populations recently collected in Asian countries, that collected in Hawaii (HW) showed considerable genetic homogeneity; the population consisted of only two haplotypes (F-D and F-I). Because the same method was used to catch insects in Hawaii and in Asian countries, the haplotypic homogeneity in HW suggests that this population was established from a small number of insects or from a genetically homogeneous population. This phenomenon may reflect that the species was introduced into Hawaii from Saipan Island of the Northern Mariana Islands (Hardy and Adachi, 1956) , probably due to human activities.
Considerable genetic homogeneity was also detected in the three laboratory strains, IS, AM, and CC, which showed only one haplotype. One possi-462 S. NAKAHARA et al. Total  CM  BK  HM  TP  TC  OK  HW  IS  AM Totals  19  20  23  20  22  23  30  20  20  20  217 Haplotype was denoted by two letters indicating the banding patterns defined in Fig. 1 (DraI-SspI).
ble explanation for this phenomenon is that these strains might have experienced a strong bottleneck under the laboratory conditions under which they have long been maintained. On the other hand, the strains share the haplotype (F-I) with HW. Because it seems unlikely that the same haplotype evolved independently in geographically separate areas, the phenomenon may suggest that there was a close relationship between Hawaii and the Japanese islands where the laboratory strains originated. Such an idea seems to be consistent with the reports of several researchers that both Hawaii (Hardy and Adachi, 1956 ) and the Ogasawara Islands (Yoshizawa, 1997) were infested by flies introduced from Saipan Island. Therefore, the haplotype might have been dominant when these populations were established in the first half of the 20th century; the Ryukyu Islands was infested before 1919 (Nawa, 1919) , the Ogasawara Islands in 1925 (Yoshizawa, 1997 ) or 1932 (Hardy and Adachi, 1956 , and Hawaii around 1945 (Hardy and Adachi, 1956; Vargas and Nishida, 1985; Drew and Hancock, 1994) . In order to confirm this hypothesis, further studies are needed to examine many other populations or laboratory strains that were established in these periods. Although two of the three laboratory strains originated from the Ryukyu Islands (IS and AM), they did not share a common haplotype with the population recently collected in this area (OK). Since there was no significant population differentiation among recently collected Asian populations, we may assume that the B. dorsalis population trapped in the Ryukyu Islands (OK) invaded from Asian countries. Similarly, the population established in this area at the beginning of the last century was also assumed to have invaded from southern islands such as Taiwan (Koyama et al., 1984) where the species was first recorded in 1912 (Shi et al., 2005) . Thus, the genetic composition and degree of genetic variability of insects collected at the present time (OK) seem to differ from those of insects collected at previous times (IS and AM), although invasion from southern countries was assumed in both cases. Such a difference may be simply due to the population bottleneck suspected in the laboratory strains. Otherwise, the phenomenon suggests that there might be a difference in the genetic background of the original populations or in the mode of invasion between the present and previous times. To clarify this issue, analyses of specimens collected in the first half of the 20th century are needed. We confirmed that dried specimens can be used for PCR amplification of several sections of mtDNA (Muraji and Nakahara, 2002) . We are planning to perform PCR-RFLP analyses of short sections of the mtDNA control region using a nested PCR technique and specimens of this kind.
In this study, due to the lack of a clear geographic structure, we could not define the origin of the B. dorsalis population trapped in the Ryukyu Islands. This result was also due to the scarcity of populations analyzed in this study; however, we did not use samples collected in the Philippines, because B. dorsalis is not distributed in this country (Drew and Hancock, 1994) . Nakahara et al. (2001) revealed that individuals of the B. dorsalis complex species collected in the Philippines, including both B. philippinensis and B. occipitalis endemic to this country, did not share any common haplotype with the B. dorsalis population collected in Taiwan. Thus, it seems unlikely that migration occurred between the Philippines and the Ryukyu Islands.
Despite the scarcity of populations used in this study, we found one haplotype (C-B) shared only between the OK and Taiwan populations (TP and TC). The accumulation of data on unique haplotypes of this kind will render the method more useful. To that end, further analyses, using a greater number of samples collected from a larger number of localities than in the present study, are necessary. In analysis of the minimum spanning network, due to the high mutation rate of the control region, evolutionary relationships among haplotypes were not clearly resolved (Fig. 3) . Such a result hinders the phylogeographic considerations of mtDNA lineages, and makes the relationships among populations ambiguous. To resolve this issue, it may also be useful to analyze longer mtDNA fragments that are less variable than the control region used in this study. Several researchers have used polymorphic nuclear DNA markers, such as the glucose-6-phosphate dehydrogenase gene (He and Haymer, 1999) and microsatellite DNA (Kinnear et al., 1997) , in analyses of the migration of tephritid fruit flies. Such markers are advantageous in that they compensate for the genetic nature of mtDNA markers, which can represent only maternal lineages. In future efforts to precisely define the origin of recently trapped in-sects in the Ryukyu Islands, both mtDNA and nuclear DNA markers should be included in the analyses.
